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ABSTRACT 
Slug and bail tests are commonly used for estimating hydraulic conductivity in low 
conductivity media. This research utilized two wells, 1.75 m. apart, near Boone, Iowa, to 
obtain hydraulic conductivity in glacial till. Slug and bail tests were repeated in order to 
obtain the range of hydraulic conductivity estimates. The effects of water level changes in 
one well on the other well, and of barometric pressure changes were also evaluated. 
Different slug/bail test methods were used, as were different mathematical methods of 
obtaining conductivity estimates from the observed data points, and the results were 
statistically evaluated. 
A graph of the natural log of water head versus time, using the Hvorslev and the 
Bouwer-Rice methods theoretically results in a single straight line. In this study, however, 
the data clearly results in two straight line segments, designated Type I and Type II lines. 
Type I lines were obtained from data taken early in sampling, whereas Type II lines were 
obtained from alter data. A third line fitting methods, designated as Best Fit Line, was also 
utilized, in which data obtained during the first 5000 seconds and after 80 percent well 
recovery were ignored in obtaining the best-fit line. 
Type II lines had smaller percentage range and standard deviation than either Type 
I or Best Fit Lines. This suggests that Type II lines provide more reliable and consistent 
determinations of hydraulic conductivity than the other two lines methods. Results of t-tests 
support the same conclusion. The amount of water added or withdrawn during slug/bail 
Vll 
tests did not have a significant effect on estimated hydraulic conductivity. Barometric 
pressure changes had significant effects on hydraulic conductivity estimates only for 
sampling intervals taken after about 80 percent recovery. Both Hvorslev and Bouwer-Rice 
methods give equally reliable results. 
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INTRODUCTION 
Most of the surface of Iowa is covered by Pleistocene deposits that are largely the 
result of glacial processes. Till deposited beneath, on, or adjacent to the glacial ice, 
contains a mix of different-sized particles, usually including a substantial percentage of 
small particles of silt and clay. These small particles can result in low permeability, which 
renders difficult the investigation of hydraulic properties of the till. 
The hydraulic properties of till are important in attempts to remedy groundwater 
contamination problems, and to estimate the potential movement of contaminants through 
till and the possibility of future contamination of bedrock aquifers. Hydraulic conductivity 
is used to describe the ability of the water to migrate through a porous media. Hydraulic 
conductivity values are also needed for estimating groundwater flow patterns. 
Laboratory tests tend to underestimate hydraulic conductivity (Lutenegger et al., 
1983). Several factors affect the reproducibility of field hydraulic conductivity measure¬ 
ments. Such structures as fractures, cracks, and rootholes affect hydraulic conductivity 
values in the upper part of the till deposits. Other possible factors are smeared clay caused 
by drilling actions, high permeability of the gravel pack or development zone constructed 
around a well, and barometric pressure changes. Smeared clay may decrease permeability, 
whereas the gravel pack or development zone may increase permeability. The gravel pack 
or development zone and barometric pressures may affect the water table elevation, which 
affects hydraulic conductivity calculations. The first effect can be eliminated by ignoring 
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the initial recovery of the water head measured in slug tests, while the second effect can 
be reduced by correcting for its effect. The amount of water or a slug of pipe added or 
withdrawn during slug or bail tests, as well as the method of analyzing the data, may also 
result in variability in hydraulic conductivity estimates. 
3 
OBJECTIVES OF STUDY 
Hydraulic conductivity values are affected by several factors. In unweathered till, 
where this study was performed, possible factors include smeared clay caused by drilling, 
the gravel pack or development zone constructed around a borehole, barometric pressure 
changes, the effect of a well near the observation well, and fractures. The first factor can 
be reduced by careful drilling (Bouwer, 1988), and the second factor can be eliminated by 
ignoring the initial slug test recovery data (Jones, 1991). The objective of this study was 
to determine the effect of barometric pressure and of a nearby well, both of which 
may have significant effects during later testing, and to take reliable data that are influenced 
little or not at all by factors mentioned above. These data are taken between the initial and 
the later testing. 
Slug tests are a common tool for estimating hydraulic conductivity in a low 
conductivity medium. In this research, slug tests in a well were repeated in order to obtain 
the range of hydraulic conductivity estimates with repeated measurements. Another 
objective was to determine how much confidence can be placed on the results of a single 
test. These objectives can be accomplished by performing a slug and bail tests in several 
ways and by taking reliable data. 
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LITERATURE REVIEW 
Pleistocene Geology of Iowa 
The Pleistocene epoch started approximately 2.5 to 3 million years ago. During this 
time, Iowa’s climate was much colder than at present. "Glacial drift" is a general term for 
all materials immediately derived from glaciers. Of these materials, till, which was 
deposited directly from ice, is common in Iowa. Till is a mix of materials of different 
lithologies and sizes eroded from the land surface by ice. The material is abraded, 
weathered, and redeposited as a unit that can have homogeneous characteristics over a wide 
area. The till is also compacted by the weight of overlying ice. 
Iowa’s Pleistocene is marked by three periods of glacial depositions: Pre-Illinoian, 
Illinoian, and Wisconsinan. The Wisconsinan period, the youngest, is characterized in Iowa 
by two substages. The older one, the Tazewell substage (deposited 20,000 years ago), 
terminates about 100 miles South of the Iowa-Minnesota border. Part of the Tazewell drift 
is covered by the younger one, the Cary drift (deposited 14,000 years ago), which covers 
the research area. It extends 135 miles from the Iowa-Minnesota border to Des Moines and 
is responsible for creating the Des Moines Lobe. 
The Cary drift is subdivided into four major end-moraines: Bemis (deposited 14,000 
years ago), Altamont (deposited 13,000 years ago), Humboldt (deposited 12,970 years ago), 
and Algona (deposited 13,030 years ago). The maximum thickness of the Cary glacier was 
approximately 300 to 390 meters in Iowa (Anderson, 1983). The rate of its advance was 
approximately 305 meters/year (Foster, 1969). 
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Drift deposits of the Des Moines Lobe are classified as the Dows formation. There 
are two deposits in the Dows formation in North-Central Iowa, the Surficial glacial deposits 
(the older) and the Wisconsin or Cary glacial deposits (the younger). The Surficial glacial 
deposits consist of the Pilot Knob member (upland sand and gravel deposits), the Lake 
Mills member (fine-grained glaciolacustrine sediment), and the Morgan member 
(supraglacially-deposited till, diamictons, and associated melt-water deposits). In the 
Wisconsin or Cary glacial deposits is the Alden member (basal till), which covers the field 
research area, and which was deposited by lodgement, regelation melt-out, and basal melt- 
out (Wang, 1990). 
Wisconsinan Till in Iowa 
The character of a glacial deposit depends on the properties of sediment source, the 
nature and distance of sediment transport, and the mode of sediment deposition. Based on 
the mode of deposition, glacial till is divided into subglacial till (basal till), deposited 
beneath the ice mass, and supraglacial till, deposited on or adjacent to the glacial ice. Both 
types of deposits vary in texture, density, and structure, which all are important in 
determining shear strength, compressibility, and hydraulic conductivity (Lutenegger et al., 
1983). Generally, subglacial till has a more uniform texture and a higher bulk density than 
supraglacial till. Subglacial till usually has no interbedding or high permeability lenses. 
It also may be overconsolidated as a result of compaction by the overlying glacial ice 
(Anderson, 1980). Subglacial till can be deposited by processes of lodgement, regelation 
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melt-out, or basal melt-out. In several areas, subglacial till has been formed by a 
combination of these processes. Pebble to cobble sizes of the till may be deposited by 
mechanical lodgement; clay to pebble sizes are formed by regelation melt-out, whereas 
basal melt-out may cause poorly-sorted debris. Supraglacial deposits consist of 
supraglacial melt-out till, resedimented deposits, and supraglacial melt-water deposits. 
Glacial till can also be divided into two categories based on weathering. Oxidized or 
weathered till is found in the upper part of the till, and unoxidized or unweathered till in 
the lower part. The weathering process that produces oxidized till may also change 
hydrogeological properties such as bulk hydraulic conductivity by producing fractures 
(Lutenegger et al., 1983). 
In Iowa, the thickness of the Wisconsinan till ranges from 3 meters to more than 30 
meters. The till is silty to sandy clay, and some of it is pebble-rich; it is calcareous, except 
for the upper 0.3 to 1 meter. The oxidized till is gray-brown to yellowish-brown, while 
the unoxidized till is dark gray. The till consists of 50-60% sand, 25-35% silt, and 15% 
clay. Pebbles are composed of granite, quartzite, basalt, greenstone, limestone, and 
dolomite (Foster, 1969). The Pre-Illinoian till lies at a depth of 19 to 100 meters and the 
other sediments at a depth of approximately 100 meters. At the Iowa State University 
Agricultural Farm, Boone, Iowa, where the field research for the present study is located, 
19 meters of Wisconsinan till overlie the older Pre-Illinoian till and other sediments. The 
upper 4 meters consists of oxidized till. According to the U.S.D.A. Soil Classification 
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system, the till is loam, clay loam, or sandy clay loam (Lemar, 1991). In the field research 
area, the till is considered to be subglacial till because the material is uniform in character 
and the bulk density value is 1.85g/cm^, which is close to the 1.89g/cm^ average value of 
subglacial till in Iowa as determined by Lutenegger (1983). 
Hydraulic Conductivity of Till Deposits 
In recent years, waste disposal problems have led to increased interest in determining 
the hydrologic properties of low permeability materials. Several factors affect 
the character of the hydraulic properties of till. Simpkins and Bradbury (1992) pointed out 
that grain size, depth of fractures, and topography are factors that control groundwater flow 
in till. Bender (1988) believes that movement of water through weathered till is driven by 
gravity acting on water flowing in macro pores, which can cause high pore water velocities 
and minimize interaction of the groundwater with soil particles. Tables 1 and 2 show 
estimated hydraulic conductivity values in several locations. The variability of hydraulic 
conductivity as explained by Keller et al. (1986) depends on depth (and therefore on 
whether the till is oxidized or unoxidized) and chemical composition of the till (for 
example, the abundance of gypsum is related to fractures). 
The effect of weathering in the upper part of the till (oxidized till) was discussed 
by Lutenegger et al. (1983), who pointed out that weathering brings about oxidation, 
jointing, leaching, and unloading and can significantly change the structure of materials. 
They also pointed out that joints and blocky structure are caused by soil development, root 
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Table 1. Hydraulic conductivity values of till in several locations 
LOCATION HYDRAULIC 
CONDUCTIVITY 
(cm/s) 
METHOD REFERENCE 
WNRE Southeastern, 
Manitoba, Canada 
5.20E-6 - 2.60E-8 
oxidized/unoxidized 
Hvorslev Grizak & 
Cherry (1975) 
Southwestern Ontario, 
Canada 
5.20E-8 
unoxidized 
Hvorslev Desaulniers et 
al. (1981) 
Alberta, Canada 2.00E-7 - 5.40E-5 
oxidized 
Constant 
Head 
Permeameter 
Hendry (1982) 
Dalmeny-Warman, 
Saskatchewan, Canada 
5.00E-7 
oxidized/unoxidized 
Hvorslev Keller et al. 
(1988) 
Warm an, Saskat¬ 
chewan, Canada 
1.50E-9 - 5.50E-9 
unoxidized 
Hvorslev Keller et al. 
(1989) 
Prairie region, Canada 2.00E-6 
oxidized/unoxidized 
Hvorslev Hendry (1988) 
Sarnia, Canada 2.00E-6 
oxidized 
Kirkham & Van 
Bavel 
D’Astous et al. 
(1989) 
St. Clair Plain, Ontar¬ 
io, Canada 
8.00E-8 - 5.00E-8 
unoxidized 
Hvorslev Ruland et al. 
(1991) 
Cattaraugus county, 
New York 
2.00E-8 
unoxidized 
Hvorslev Prudic (1982) 
East-Central South 
Dakota 
4.27E-7 
unoxidized 
Hvorslev Cravens et al. 
(1987) 
Wilsonville, Illinois 3.90E-8 - 2.10E-6 
oxidized/unoxidized 
Hvorslev Herzog et al. 
(1989) 
Eastern Wisconsin 1.25E-4 
oxidized/unoxidized 
Hvorslev Bradbury & 
Muldoon (1990) 
Southeastern Wiscon¬ 
sin 
2.00E-7 
oxidized 
Hvorslev Simpkins & 
Bradbury (1992) 
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Table 2. Hydraulic conductivity values of till in Iowa State University Agricultural Farm, 
Boone, Iowa 
TYPE OF 
TILL 
HYDRAULIC 
CONDUCTIVITY 
(cm/s) 
DEPTH 
(m) 
TEST REFERENCE 
Oxidized 1.31E-4 - 8.71E-6 not given slug test Lemar (1991) 
Oxidized 5.20E-4 2.00 constant head 
pumping test 
Tsai (1991) 
Oxidized 6.30E-7 - 2.17E-7 not given triaxial per¬ 
meability test 
Wang (1990) 
Unoxidized 1.66E-7 - 1.99E-8 not given triaxial per¬ 
meability test 
Wang (1990) 
Unoxidized 1.28E-6 - 7.58E-6 12.07 bail test Dickson (1991) 
penetration, and shrink-swell. The presence of fractures in till, as mentioned by Wang 
(1990), resulted from shear and tensile stresses. Shear stresses are caused by passive thrust 
or dragging forces in response to glacier movement, whereas tensile stress is caused by the 
weathering process, which results in decreased soil volume. Decreased 
soil volume during weathering can result from desiccation, syneresis (loss of water after 
aging or erosion), stress relief, alternate freezing and thawing of soil, and chemical 
weathering (by leaching or cation exchange). Williams and Farvalden (1967) explained that 
joints control water movement in glacial till and added that a low moisture content within 
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a joint causes high unsaturated hydraulic conductivity, so that the infiltration rate is higher 
than that in the till matrix. 
Hydraulic conductivity values of till depend on several conditions. Wang (1990) in 
his research in Iowa State University Agricultural farm in Boone, Iowa, concluded that 
vertical hydraulic conductivity of an oxidized till is one order of magnitude greater than that 
of an unoxidized one. Fractures cause increases in hydraulic conductivity. The same 
conclusion was also reached by Grizak and Cherry (1976) and Keller et al.(1986) based on 
laboratory permeameter or oedometer tests. Prudic (1982) concluded that hydraulic 
conductivity decreases with depth as a result of overburden pressure. Hydraulic 
conductivity of the weathered till is greater than that of unweathered till because of more 
closely-spaced fractures in the weathered till. Wang (1990) pointed out that the hydraulic 
conductivity is stress dependent, and its decrease is due to an increase of confining stress. 
Field tests typically give results that are more reliable than results of laboratory tests. 
This was explained by Bradbury and Muldoon (1990), who pointed out that laboratory tests 
underestimate hydraulic conductivity for several reasons. More permeable materials such 
as sands and gravels, which are important in controlling groundwater movement, might not 
be recovered. Small laboratory samples cannot include all important fractures, joints, 
interbeds, and macropores. Sample disturbance caused by chemical and biological change 
during sampling, transport, and storage can reduce hydraulic conductivity values. 
Hydraulic conductivity measured in core sampling tends to give vertical values, whereas 
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groundwater flow is often horizontal. Lutenegger et al. (1983) concluded that hydraulic 
conductivity values obtained by laboratory measurements are two orders of magnitude lower 
than those from field analyses. The same conclusions were reached by Keller et al. (1986) 
for unweathered till, which was shown to have significant fractures that resulted from stress 
change related to deglaciation. 
Errors in field hydraulic conductivity measurements as explained by Chapuis (1989), 
are caused by leakage in pipe fittings and between pipe and the adjacent soil, hydraulic 
fracturing of soil caused by too high a water head, soil remolding or smearing or washing 
out of fine particles during drilling operations, and clogging caused by sedimentation of fine 
particles. These errors can be eliminated by good control of the drilling operations and by 
using a lower hydraulic head to prevent hydraulic fracturing. Bouwer (1988) mentioned 
that a gravel pack or development zone constructed around a well is a highly permeable 
zone and can affect hydraulic conductivity values. Errors resulting from these sources can 
be avoided by ignoring the initial recovery data obtained from the well. Bouwer added that 
smaller diameter wells (less than about 5.08 cm.) gave more inaccurate results, especially 
for estimating hydraulic conductivity of heterogeneous material. Screen length also affects 
the variability of hydraulic conductivity (Keller, 1988). If the screen length is shorter, the 
hydraulic conductivity is more variable because more hydraulic conductivity values are 
dominated by either matrix material or intersected fractures. On the other hand, when 
screen length is longer, hydraulic conductivity becomes less variable because several 
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fractures and intervals of matrix materials are intercepted, so that the hydraulic conductivity 
value more closely reflects true bulk hydraulic conductivity. 
Barometric pressure changes also cause changes in water table elevation (Jones, 
1992b), so this factor might cause errors in the hydraulic conductivity calculation. 
Correction might be needed to eliminate this effect. When there are two closely spaced 
wells with different volumes of water withdrawn during tests performed at the same time, 
hydraulic conductivity of the well from which less water is taken may be affected by the 
taking of more water from the other well. 
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MATERIALS AND METHODS 
To calculate hydraulic conductivity, the methods of Hvorslev (1951) and Bouwer-Rice 
(Bouwer, 1988) were used. Slug and/or bail tests were performed by quickly raising (for 
the slug test) or lowering (for the bail test) the water level and measuring the recovery over 
time. The analyses were done in several ways to determine the effect of different variables 
on hydraulic conductivity measurements. The effects of barometric pressure were also 
investigated so that more reliable hydraulic conductivity values could be obtained. 
Field Site Information 
The study was performed in Field 5 of the Iowa State University Agronomy/ 
Agricultural Engineering Farm, located near Boone, Iowa (Fig. 1). The site is about 8 
miles west of Ames and 0.5 miles south of US highway 30. Its legal location is SE 1/4 of 
NW 1/4 of section 8, T 83 N, R 25 W (Iowa Soil Survey Report, Boone County, Iowa). 
The study area is a cornfield with a surface gradient of about 3% to the southwest. 
Groundwater flow is similar to the surface gradient (Lemar, 1991). 
The area is covered by basal till of the Alden member, the Dows formation (Wang, 
1990). The upper 4 meters is oxidized Wisconsinan till. About 19 meters of unoxidized 
Wisconsinan till underlies the oxidized till zone (Lemar, 1991). 
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A 
S —4 E 
Figure 1. Field location in Iowa State University Agronomy/Agricultural Farm (A) and 
well position (B) 
Modeling Procedures for Determining Hydraulic Conductivity 
Sltig test? 
Slug tests are performed by injecting or withdrawing a "slug" of pipe or volume of 
water to the well (Fig. 2). Immediately after injection or withdrawal, the water level (water 
head) has an elevation Y above or below its initial head. The difference, Yt, in water level 
elevation at time t and at the original head is measured. The rate at which the water level 
falls or rises is related to the "aquifer hydraulic conductivity around boreholes" and 
flowrate into the well (Jones, 1992a). 
There are several models pertinent to obtaining hydraulic conductivity from methods 
using slug tests. In this study, the Hvorslev method (Hvorslev, 1951; Jones, 1992a) and 
Bouwer-Rice method (Bouwer, 1988) are used. 
Hvorslev method 
Governing equation 
Q = F K Y (1) 
Q = V A (2) 
Q = (dY/dt) IT rc2 (3) 
where 
Q = volume rate of flow into well 
V = rate of flow 
rc= radius of casing 
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Symbols: 
Y = vertical difference between initial head and head after injecting or withdraw¬ 
ing a slug of water 
t = time needed for water level to return to equilibrium 
= distance between water table and the bottom of the well 
Le = length of screen well 
rw = radius of the borehole 
rc = radius of casing 
H = distance between water table and the impervious bottom zone 
Yj = vertical difference between initial head and head after injecting or withdraw¬ 
ing a slug of water at time t 
Figure 2. Geometry and symbols for slug test 
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A = cross section area of the casing = -fj- rc2 
K = hydraulic conductivity of aquifer around well 
Y = vertical difference between initial head and head after injecting 
or withdrawing a slug 
t = time since start of the slug test 
F = shape factor 
By combining (1) and (3) and integrating: 
ln(Y) = FK t +  (4) 
IT rC2 
where C is a constant of integration. This equation shows that, theoretically, a plot of 
ln(Y) versus t should result in a straight line. The procedure for calculating the hydraulic 
conductivity is to plot ln(Y) versus t from the field test and estimate the hydraulic 
conductivity using this equation. A plot of ln(Y) versus t will result in 
- a = FK 
IT rC2 
where a is the slope of ln(Y) versus t 
or the hydraulic conductivity: 
K = -aTr 2 
(5) 
(6) 
The shape factor (F) is a function of the well geometry only. 
For pervious bottom: 
F = 2 -IT [ Le/2rw + 1/4 ]1/2 if 0 < Le/2rw > 1 (Chapuis, 1989) (7) 
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F = 2 T Lg/ln [Lj/2^ + [1 + (Le/2rc)2]0-5] 
if 1 < Le/2rw > 4 (Hvorslev, 1951) (8) 
F = 2 -jp Le/Ln (Le/rw) if Le/2rw > 4 (Hvorslev, 1951) (9) 
For impervious bottom (Chapuis, 1989): 
F = 2 -r [Le/2rw + 1/4]1/2 - 2.75 rw if 0 < Le/2rw > 1 (10) 
F = 2 T Vln [Le/2rw + [1 + (Le/2rw)2]0*5] - 2.75rw 
ifl<Le/2rw>4 (11) 
F = 2 Le/ln (Le/rw) - 2.75rw if Le/2rw > 4 (12) 
where Le= length of screen well 
rw= radius of screen 
From the slug test results, graphs of head versus time are plotted on semilogarithmic 
paper. A linear fit line is drawn to obtain the slope. Because Y and t are the only 
variables, a plot of ln(Yt) versus t should produce a straight line. The slope of the best 
linear fit (a) to ln(Y) versus t in each graph can be determined (Fig. 4). Slope (a) can be 
obtained by : 
a = ln(Y2) - ln(Yj) = ln(Y2/Y j) where t2 > tj (13) 
t2 - t2 - tj 
or by a linear regression of ln(Y) versus t. The shape factor (F) can be calculated from the 
equation related to the well parameters. The value of hydraulic conductivity can be 
obtained from equation (6): 
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K = - a -jr rc^ (Jones, 1992a). 
F 
Bouwer-Rice method 
The Bouwer-Rice slug test was developed to measure hydraulic conductivity of the 
aquifer around boreholes with a free surface or unconfined aquifer (Bouwer, 1988). 
The rate of flow of groundwater into the well is based on the Thiem equation and can 
be written as 
Q = 2 IT K Le —Y  (14) 
ln(Re/rw) 
where Re is the effective radial distance over which Y is dissipated. 
The rate of rise dY/dt of the water level in the well after the water level has been 
quickly lowered/raised is 
dl = -Q_. (15) 
dt
 Ttc2 
Combining (14) and (15) and integrating: 
K = rc2 ln(Vw) 1 ln(Y2  (16) 
2Le ^ Yl 
The results of the analyses by Bouwer (1988) to determine Rg for various system 
geometries were expressed in terms of the dimensionless ratio ln(Rg/rw). The data can be 
fitted into two equations, one for the condition in which 1^, < H, and one in which 1^ 
= H. The dimensionless ratio ln(Re/rw) can be expressed as 
20 
lnRe = [ 1.1 + A + B ln(H - Lw/rw)]_1 (17) 
where Lw < H (Bouwer, 1989) 
or 
U + C T1 where 1^ = H (Bouwer, 1989) (18) 
ln(Lw/rw) Le^rw 
where H = the distance between water table to the impervious bottom zone and 
Lw = the distance between water table to the bottom of the well. 
A, B, and C are dimensionless numbers as a function of Le/rw (Fig. 3). 
From the field test results, graphs of applied head versus time are plotted on 
semilogarithmic paper. To obtain the slope, a linear fit line must be drawn. The plot of 
ln(Yt) versus t should show a straight line. Ln(Re/rw) can be obtained from the equation 
related to the well parameters. The hydraulic conductivity can be obtained from: 
Sources of error using the Hvorslev and Bouwer-Rice methods 
Storativity is the volume of water that an aquifer releases from or takes into storage 
per unit surface area of the aquifer per unit change in head (Heath, 1989). The total load 
on the top of an aquifer is supported partly by aquifer particles and partly by the hydraulic 
pressure exerted by the water in the aquifer. When the water pressure declines, more of 
the load must be supported by particles. As a result, the rock particles are distorted and 
K = - a rc^ ln(Re/rw) (Bouwer, 1988). (19) 
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the pore space is reduced. The storativity is related to density of water, gravity, 
compressibility of particles and water and porosity, as well as hydraulic conductivity. In 
the case of slug or bail tests, storativity should be considered to yield better values of 
hydraulic conductivity. One source of error in both the Hvorslev and Bouwer-Rice method 
is that storativity is neglected. 
Even though the Hvorslev method considers geometry of screen, this method gives 
an overestimate of hydraulic conductivity value if the equilibrium water head in the 
borehole is below the top of the screen. In this case, when water is added, the flow of 
water into the aquifer takes place not only through the part of the screen below the initial 
water head, but also through the vadose zone above the initial water head. This increases 
the rate of fall of the water head and leads to an overestimate of hydraulic conductivity. 
The methods of Hvorslev and Bouwer-Rice include effects of diameter and length of 
casing. In fact, other factors also have their effect. The larger the diameter and the length 
of casing, the larger the portion of the aquifer on which hydraulic conductivity is 
determined. A very small hole diameter will apply to only a small region around the well 
and is more sensitive to spatial variability. 
Materials and Field Work 
Two wells, S-4 E and S-4 W, were utilized in the study. Both are in the middle part 
of the site. The distance between the wells is 1.73 meters (Fig. 1). The depth of each well 
is 12.07 meters, and both were screened from 9.02 to 12.07 meters in unoxidized till. Well 
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casing diameter is 5.08 cm, and borehole diameter is 21.6 cm (Dickson, 1991). 
Hydraulic conductivity measurements (Table 3) were obtained in 25 series of tests. 
In some tests (slug tests), water was added; in others (bail tests), water was withdrawn. 
The first series was performed by injecting a slug of pipe (2.54 cm in diameter and 50 cm 
long) into both wells at the same time (Test series I). The observation interval lasted for 
one day with a one-hour sampling interval. The second series was performed by 
withdrawing the slug from both wells at the same time (Test series II). Test series I and 
II were then repeated to obtain the possible range of hydraulic conductivity values (test 
series la to Ii and Ha to Ilh). Test series III was done by injecting a slug of pipe in one 
well and recording water table elevation changes in another well at the same time (tests Ilia 
and IHb). These tests lasted for two days with a one-hour sampling interval. Test series 
IV were performed by withdrawing a slug of pipe in one well and recording water table 
elevation changes in another well (tests IVa and IV b). These tests lasted for two days with 
a one-hour sampling interval. Water table elevation was recorded to determine the possible 
effect of barometric pressure to the water head. The other tests were done by injecting 136 
cm of water into both wells at the same time to determine the possible effect of the large 
amount of water on the hydraulic conductivity values (test V). The data were also recorded 
for two days with a one-hour sampling interval. Test series VI was performed by pumping 
183 cm of water from one well and 366 cm of water from another well at the same time 
(tests Via and VIb). Test series VI were done to determine the effect of the 366 cm. 
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Table 3. Type of tests performed in S-4 E and S-4 W well 
TEST WELL 
NO. 
TYPE 
OF 
TEST 
DATE SAMPLING CHANGE 
AND INTERVAL IN INI- 
START (hours) TIAL 
TIME HEAD 
(cm.) 
LENGTH 
OF TEST 
(day) 
la (slug S-4 E a 10-7-92 1 45.72 1 
test) S-4 W a 10:00 am 45.72 
lb S-4 E 10-11-92 1 45.72 1 
S-4 W 3:45 pm 45.72 
Ic S-4 E 08-21-93 1 45.72 1 
S-4 W 1:30 pm 45.72 
Id S-4 E 08-23-93 1 45.72 1 
S-4 W 2:20 pm 45.72 
Ie S-4 E 08-25-93 1 45.72 1 
S-4 W 3:10 pm 45.72 
If S-4 E 08-26-93 1 45.72 1 
S-4 W 4:50 pm 45.72 
Ig S-4 E 08-28-93 1 45.72 1 
S-4 W 6:00 pm 45.72 
Ih S-4 E 08-30-93 1 45.72 1 
S-4 W 7:00 pm 45.72 
Ii S-4 E 09-1-93 1 45.72 1 
S-4 W 8:00 pm 45.72 
Ila (bail S-4 E b 10-9-92 1 45.72 1 
test) S-4 W b 2:30 pm 45.72 
lib S-4 E 10-13-92 1 45.72 1 
S-4 W 5:00 pm 45.72 
lie S-4 E 08-22-93 1 45.72 1 
fl 
S-4 W 2:00 pm 
h 
45.72 
injecting a slug of pipe, withdrawing a slug of pipe, water level elevation test, 
injecting 136 cm of water, pumping 183 cm of water, pumping 366 cm of water. 
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Table 3. Continued 
TEST WELL 
NO. 
TYPE 
OF 
TEST 
DATE 
AND 
START 
TIME 
SAMPLING 
INTERVAL 
(hours) 
CHANGE 
IN 
INITIAL 
HEAD 
(cm.) 
LENGTH 
OF TEST 
(day) 
nd S-4E 08-24-93 1 45.72 1 
S-4 W 2:45 pm 45.72 
lie S-4E 08-25-93 1 45.72 1 
S-4 W 4:10 pm 45.72 
Ilf S-4 E 08-27-93 1 45.72 1 
S-4 W 5:15 pm 45.72 
Hg S-4 E 08-29-93 1 45.72 1 
S-4 W 6:45 pm 45.72 
Ilh S-4 E 08-31-93 1 45.72 1 
S-4 W 7:30 pm 45.72 
Ilia (slug S-4 E a 11-7-92 1 45.72 2 
test) S-4 W c 4:00 pm 
- 
mb S-4 E c 11-12-92 1 45.72 2 
S-4 W a 4:40 pm 
- 
IVa (bail S-4 E b 11-10-92 1 2 
test) S-4 W c 12:20 pm 45.72 
IVb S-4 E c 11-15-92 1 _ 2 
S-4 W b 8:56 am 45.72 
V (slug S-4 E d 01-17-93 1 136.00 2 
test) S-4 W d 1:30 pm 136.00 
Via (bail S-4 E e 04-21-93 1 183.00 2 
test) S-4 W f 5:45 pm 366.00 
VIb S-4 E f 04-23-93 1 366.00 2 
S-4 W e 3:30 pm 183.00 
Vn (bail S-4 E e 04-25-93 1 183.00 2 
test) S-4 W e 5:30 pm 183.00 
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pumping compared to the 183 cm pumping. The last tests (test VII) involved pumping 183 
cm of water from both wells at the same time to determine the possible effect of the large 
amount of water withdrawn on hydraulic conductivity values. Data from each well were 
obtained for two days with a one-hour sampling interval. 
All data were analyzed using the "Bouwer-Rice and Hvorslev slug test analysis, 
version 2.0" computer program (Jones, 1993b). The results were graphs of the natural 
logarithmic of water head versus time, linear fit lines, and hydraulic conductivity values. 
Immediately after injection or withdrawal of water, the water head changes elevation 
and then slowly returns to its initial condition. To record the rise or fall of the water head 
resulting from slug or bail tests, a pressure transducer was placed in the well 73.46 cm. 
under the lowest water head measured. The change of the water head was recorded on a 
data logger. For confirmation, depth to water table was also measured manually by using 
a water table meter before and after tests. Change in initial head is related to the amount 
of water or the volume of a slug of pipe added or withdrawn. 
To measure barometric pressure effects on the water head, pressure transducers were 
placed in both wells for one week. The water table data from each well were sampled 
every two hours. 
Methods of Determining Line Slopes 
In plotting ln(Yt) versus t, sometimes two distinct line segments with different slopes 
occur, as shown schematically in Fig. 4 (type I and type II fit lines). The initial data, 
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Figure 4. Example of type I, type II, and the best fit line 
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which produce a line with a steep slope (steep line, type I), are ignored because they may 
be influenced by gravel pack or development zones constructed around the well (Bouwer, 
1988; Jones, 1992a). The type II line (less steep line) is probably more representative of 
aquifer conductivity. The procedure of obtaining both lines is by drawing a straight line 
superimpose on the majority of the fast drawdown data points (type I) and of the slower 
drawdown data points (type II). 
A second method for obtaining line slopes, referred to as "best fit line", is a line 
drawn by ignoring the early 5000 seconds (1.5 hours) and the last data points after 80 
percent recovery or after 18 hour measurements and using these points in a linear 
regression to obtain the best fit straight line. 
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RESULTS AND DISCUSSION 
In this study, hydraulic conductivity resulted from best fit line and type II line 
analyses are compared. Tests done by injecting/withdrawing a slug of pipe and other types 
of slug/bail tests are also compared. In addition, effect of barometric pressure to the well 
is determined by comparing slug/bail test and water elevation changes tests data to the 
barometric pressure data. 
From the data obtained from the various tests, the possible range of hydraulic 
conductivity estimates if a slug or bail test is repeated, the confidence results in a single 
slug test, and the difference in hydraulic conductivity between each type of test was 
estimated. The possible range of the hydraulic conductivity is explained by percent range 
({[the highest value - the lowest value] / the lowest value} X 100). 
Comparison of Methods Used for Determination of Line Slopes 
Statistically, one series of data is more reliable than the other if the data have a 
smaller range and standard deviation. From tests series I and II in Tables 4 and 5 (for S-4 
E well) we can see that the variability of type I data is higher than that of type II (257 
percent versus 155 percent for slug tests, and 276 percent versus 162 percent for bail tests 
based on the Hvorslev method). Type I results also have a higher standard deviation from 
the mean than those of type II. The same results are also given by slug and bail tests done 
in S-4 W well (Table 6 and 7). These results suggest that type II is more reliable than type 
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Table 4. Type I, II, and best fit line in test series I (slug tests) in S-4 E well 
HVORSLEV METHOD BOUWER-RICE METHOD 
SLUG TEST NO. TYPE I TYPE II BEST TYPE I TYPE II BEST 
FIT FIT 
LINE LINE 
la 
lb 
Ic 
Id 
Ie 
If 
Ig 
Ih 
Ii 
% range 
std. deviation 
geometric mean 
Ilia 
V 
% range 
std. deviation 
geometric mean 
5.24E-7 4.00E-7 
5.98E-7 2.93E-7 
1.15E-6 3.13E-7 
8.68E-7 5.92E-7 
1.87E-6 6.17E-7 
9.37E-7 5.88E-7 
1.30E-6 7.47E-7 
1.01E-6 5.30E-7 
1.38E-6 5.43E-7 
257 155 
3.15E-7 1.19E-7 
1.07E-6 5.14E-7 
6.33E-7 2.77E-7 
3.75E-6 9.40E-7 
492 239 
1.04E-6 3.32E-7 
2.19E-6 6.09E-7 
3.74E-7 4.08E-7 
3.70E-7 4.70E-7 
2.92E-7 9.04E-7 
3.76E-7 6.83E-7 
3.34E-7 1.47E-6 
5.51E-7 6.32E-7 
9.73E-7 1.02E-6 
4.41E-7 7.98E-7 
4.87E-7 1.09E-6 
233 260 
1.36E-7 2.58E-7 
4.66E-7 8.31E-7 
3.78E-7 4.97E-7 
1.08E-6 2.96E-6 
186 496 
3.51E-7 1.23E-6 
7.29E-7 1.73E-6 
3.15E-7 2.94E-7 
2.30E-7 2.91E-7 
2.46E-7 2.29E-7 
4.66E-7 2.96E-7 
4.85E-7 2.62E-7 
3.97E-7 3.72E-7 
5.88E-7 7.66E-7 
4.17E-7 3.47E-7 
4.27E-7 3.83E-7 
111 235 
8.87E-8 9.80E-8 
3.97E-7 3.60E-7 
2.18E-7 2.98E-7 
7.43E-7 8.50E-7 
241 185 
2.63E-7 2.76E-7 
4.81E-7 5.74E-7 
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Table 5. Type I, II, and best fit line of the test series II (bail test) in S-4 E well 
HVORSLEV METHOD BOUWER-RICE METHOD 
BAIL TEST NO. TYPE I TYPE II BEST TYPE I TYPE II BEST 
FIT FIT 
LINE LINE 
Ha 
lib 
He 
nd 
He 
nf 
Dg 
Ilh 
% range 
std. deviation 
geometric mean 
IVa 
Via 
VIb 
VII 
% range 
std. deviation 
geometric mean 
7.24E-7 3.67E-7 
8.39E-7 3.62E-7 
1.25E-6 5.53E-7 
1.67E-6 7.02E-7 
9.82E-7 5.54E-7 
1.65E-6 9.48E-7 
2.72E-6 5.68E-7 
1.97E-6 4.92E-7 
276 162 
5.27E-7 1.28E-7 
1.48E-6 5.68E-7 
8.20E-7 4.46E-7 
8.63E-7 6.68E-7 
8.09E-7 4.59E-7 
8.36E-7 6.90E-7 
7 55 
1.75E-8 1.13E-7 
8.36E-7 6.06E-7 
3.69E-7 5.69E-7 
3.28E-7 6.60E-7 
5.27E-7 9.87E-7 
5.11E-7 1.31E-6 
4.06E-7 7.72E-7 
1.36E-6 1.30E-6 
4.27E-7 2.14E-6 
3.83E-7 1.55E-6 
315 276 
2.05E-7 4.14E-7 
5.39E-7 1.16E-6 
5.11E-7 5.53E-7 
9.27E-7 6.80E-7 
5.77E-7 6.38E-7 
7.32E-7 6.59E-7 
81 23 
1.43E-7 3.70E-8 
6.87E-7 6.59E-7 
2.88E-7 2.90E-7 
2.84E-7 2.58E-7 
4.35E-7 4.41E-7 
5.52E-7 4.02E-7 
4.36E-7 3.19E-7 
7.47E-7 1.07E-6 
4.47E-7 3.36E-7 
3.87E-7 3.01E-7 
163 315 
1.01E-7 1.62E-7 
4.47E-7 4.24E-7 
3.01E-7 3.45E-7 
5.27E-7 7.31E-7 
3.62E-7 4.55E-7 
5.44E-7 5.77E-7 
81 112 
1.00E-7 1.27E-7 
4.78E-7 5.27E-7 
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I. Based on the mean hydraulic conductivity values, the difference of both types is about 
108 percent for test series I and 161 percent for test series II in the S-4 E well, and about 
160 percent for test series I and 198 percent for test series II for the S-4 W well. 
Comparing type II and best fit line, type II has a smaller percent range (155 percent 
versus 233 percent for test series I, and 162 percent versus 315 percent for test series II in 
S-4 E well based on the Hvorslev method). Tests series I and II in S-4 W well also have 
the same results. Standard deviation of type II for both test series are also lower than those 
of best fit line. These results show that type II gives better result than best fit line. The 
difference in hydraulic conductivity between type II and best fit line is about 5 to 10 percent 
in S-4 E well and about 18 to 22 percent in S-4 W well. 
Tables 4 to 7 show that best fit line has a smaller standard deviation than type I. Best 
fit line likely has more reliable in hydraulic conductivity values than type I. 
From t-test results (Table 8), comparison can be made between type I, II, and best 
fit line methods. Based on the assumption that we reject the null hypothesis if the level of 
significance is smaller than 0.05 (5 percent), comparison between type I and II results in 
0.11 for S-4 E and 0.32 percent for S-4 W well (for slug test), and 0.52 for S-4 E and 0.42 
percent for S-4 W well (for bail test). It means that if we reject the null hypothesis, the 
level of error is only 0.11 in S-4 E and 0.32 in S-W well (for slug test), or only 0.52 in 
S-4 E and 0.42 in S-4 W well. Therefore, we can accept the alternative hypothesis 
(standard deviation of type I is higher than that of type II) or the value of type II is more 
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Table 6. Type I, II, and best fit line of the test series I (slug test) in S-4 W well 
HVORSLEV METHOD BOUWER-RICE METHOD 
SLUG TEST NO. TYPE I TYPE II BEST TYPE I TYPE II BEST 
FIT FIT 
LINE LINE 
la 
lb 
Ic 
Id 
Ie 
If 
Ig 
Ih 
Ii 
% range 
std. deviation 
geometric mean 
IHb 
V 
% range 
std. deviation 
geometric mean 
1.43E-6 1.04E-6 
1.03E-6 7.24E-7 
1.23E-6 4.19E-7 
3.80E-6 6.72E-7 
3.20E-6 8.76E-7 
9.82E-7 6.51E-7 
1.61E-6 7.86E-7 
2.13E-6 6.46E-7 
1.21E-6 5.89E-7 
287 148 
7.99E-7 1.29E-7 
1.85E-6 7.11E-7 
1.75E-6 1.03E-6 
1.71E-6 9.68E-7 
2 6 
2.00E-8 3.10E-8 
1.73E-6 9.99E-7 
1.06E-6 1.13E-6 
3.99E-7 8.08E-7 
2.86E-7 9.65E-7 
2.57E-7 2.99E-6 
8.51E-7 2.52E-6 
5.79E-7 6.63E-7 
9.02E-7 1.27E-6 
3.72E-7 1.67E-6 
5.63E-7 8.19E-7 
313 351 
2.34E-7 6.46E-7 
5.85E-7 1.43E-6 
1.08E-6 1.38E-6 
1.06E-6 1.35E-6 
2 2 
1.00E-8 1.50E-8 
1.07E-6 1.37E-6 
8.22E-7 8.34E-7 
5.69E-7 3.14E-7 
3.29E-7 2.25E-7 
5.29E-7 2.02E-7 
6.89E-7 6.69E-7 
4.39E-7 3.90E-7 
6.18E-7 7.10E-7 
5.08E-7 2.93E-7 
3.97E-7 3.80E-7 
150 313 
1.16E-7 1.94E-7 
5.44E-7 4.46E-7 
8.15E-7 8.35E-7 
7.63E-7 8.38E-7 
6 0.3 
2.60E-8 1.50E-9 
7.89E-7 8.37E-7 
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Table 7. Type I, II, and best fit line of the test series II (bail test) in S-4 W well 
HVORSLEV METHOD BOUWER-RICE METHOD 
BAIL TEST NO. TYPE I TYPE II BEST TYPE I TYPE II BEST 
FIT FIT 
LINE LINE 
Ha 
lib 
He 
nd 
He 
Ilf 
ng 
Ilh 
% range 
std. deviation 
geometric mean 
IVb 
Via 
VIb 
vn 
% range 
std. deviation 
geometric mean 
2.47E-6 7.98E-7 
3.19E-6 8.30E-7 
2.08E-6 6.58E-7 
1.98E-6 9.15E-7 
1.38E-6 5.16E-7 
2.35E-6 1.06E-6 
2.60E-6 9.63E-7 
2.74E-6 5.82E-7 
131 105 
4.01E-7 1.44E-7 
2.35E-6 7.90E-7 
1.58E-6 8.66E-7 
1.16E-6 5.91E-7 
1.43E-6 7.90E-7 
1.09E-6 5.81E-7 
45 49 
1.90E-7 1.21E-7 
1.32E-6 7.07E-7 
3.49E-7 1.95E-6 
3.13E-7 2.51E-6 
6.73E-7 1.63E-6 
5.43E-7 1.55E-6 
5.63E-7 1.09E-6 
1.33E-6 1.85E-6 
1.08E-6 2.05E-6 
5.22E-7 2.15E-6 
325 130 
2.67E-7 3.18E-7 
6.72E-7 1.85E-6 
1.24E-6 1.24E-6 
7.08E-7 9.20E-7 
8.46E-7 1.13E-6 
6.63E-7 8.57E-7 
87 45 
1.88E-7 1.48E-7 
8.64E-7 1.04E-6 
6.28E-7 2.75E-7 
6.53E-7 2.46E-7 
5.17E-7 5.29E-7 
7.19E-7 4.27E-7 
4.06E-7 4.43E-7 
8.35E-7 1.05E-6 
7.58E-7 8.52E-7 
4.58E-7 4.11E-7 
87 327 
1.21E-7 2.11E-7 
6.22E-7 5.29E-7 
6.82E-7 9.73E-7 
4.67E-7 5.59E-7 
6.23E-7 6.67E-7 
4.59E-7 5.24E-7 
49 86 
9.48E-8 1.46E-7 
5.58E-7 6.81E-7 
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Table 8. T-test results 
9 
Null hypothesis : HQ: (standard deviation 
Alternative hypothesis : H^: (standard deviation 
^ (standard deviation2) 
> (standard deviation2) 
S-4 E well 
Slue test 
Comparison between type I and II 
Hvorslev method Bouwer-Rice method 
type I standard deviation 3.15E-7 2.58E-7 
type II standard deviation 1.19E-7 8.87E-8 
variance ratio F’ 6.99 8.46 
level of significance 0.0011 0.0008 
Comparison between type II and best fit line 
Hvorslev method Bouwer-Rice method 
type II standard deviation 1.19E-7 8.87E-8 
Best Fit Line standard deviation 1.36E-7 9.80E-8 
variance ratio F’ 0.77 0.81 
level of significance 0.31 0.22 
Comparison between type II of the Bouwer-Rice and the Hvorslev method 
Bouwer-rice method standard deviation: 8.87E-8 
Hvorslev method standard deviation: 1.19E-7 
variance ratio F’: 0.56 level of significance: 0.57 
Comparison between type II of test series I and other tests 
Hvorslev method Bouwer-Rice method 
tests Ilia and V standard deviation 6.09E-7 
test series I standard deviation 1.19E-7 
variance ratio F’ 26.12 
level of significance 0.0311 
4.81E-7 
8.87E-8 
29.41 
0.0214 
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Table 8. Continued 
S-4 E well (continued) 
Bail test 
Comparison between type I and II 
Hvorslev method Bouwer-Rice method 
type I standard deviation 5.27E-7 
typell standard deviation 1.28E-7 
variance ratio F* 16.94 
level of significance 0.0052 
4.14E-7 
1.01E-7 
16.80 
0.0054 
Comparison between type II and best fit line 
Hvorslev method Bouwer-Rice method 
typell standard deviation 1.28E-7 1.01E-7 
Best Fit Line standard deviation 2.05E-7 1.62E-7 
variance ratio F’ 0.39 0.39 
level of significance 0.54 0.34 
Comparison between type II of the Bouwer-Rice and the Hvorslev method 
Bouwer-rice method standard deviation: 1.01E-7 
Hvorslev method standard deviation: 1.28E-7 
variance ratio F’: 0.62 level of significance: 0.51 
Comparison between type II of test series II and other tests 
Hvorslev method Bouwer-Rice method 
tests IVa, Via, VIb, VII standard deviation 1.13E-7 1.00E-7 
test series II standard deviation 1.28E-7 1.01E-7 
variance ratio F’ 0.78 1.00 
level of significance 0.0744 0.0424 
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Table 8. Continued 
S-4 W well 
Slug test 
type I 
type II 
standard deviation 
standard deviation 
variance ratio F* 
level of significance 
Comparison between type I and II 
Hvorslev method Bouwer-Rice method 
7.99E-7 6.46E-7 
1.29E-7 1.16E-7 
38.46 30.91 
0.0032 0.0047 
type II standard deviation 
Best Fit Line standard deviation 
variance ratio F’ 
level of significance 
Comparison between type II and best fit line 
Hvorslev method Bouwer-Rice method 
1.29E-7 1.16E-7 
2.34E-7 1.94E-7 
0.30 0.36 
0.26 0.19 
Comparison between type II of the Bouwer-Rice and the Hvorslev method 
Bouwer-rice method standard deviation: 1.16E-7 
Hvorslev method standard deviation: 1.29E-7 
variance ratio F’: 0.56 level of significance: 0.43 
Comparison between type II of test series I and other tests 
Hvorslev method Bouwer-Rice method 
tests IHb and V standard deviation 3.10E-8 2.60E-8 
test series I standard deviation 1.29E-7 1.16E-7 
variance ratio F’ 0.06 0.02 
level of significance 0.29 0.31 
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Table 8. Continued 
S-4 W well (continued) 
Bail test 
type I 
type II 
variance ratio F’ 
level of significance 
Comparison between type I and II 
Hvorslev method Bouwer-Rice method 
standard deviation 4.01E-7 3.18E-7 
standard deviation 1.44E-7 1.21E-7 
7.77 6.93 
0.0042 0.0046 
Comparison between type II and best fit line 
Hvorslev method Bouwer-Rice method 
type II standard deviation 1.44E-7 1.21E-7 
Best Fit Line standard deviation 2.67E-7 2.11E-7 
variance ratio F’ 0.29 0.33 
level of significance 0.30 0.27 
Comparison between type II of the Bouwer-Rice and the Hvorslev method 
Bouwer-rice method standard deviation: 1.21E-7 
Hvorslev method standard deviation: 1.44E-7 
variance ratio F’: 0.71 level of significance: 0.38 
type II standard deviation 
Best Fit Line standard deviation 
variance ratio F’ 
level of significance 
1.28E-7 
2.05E-7 
0.39 
0.54 
1.01E-7 
1.62E-7 
0.39 
0.34 
Comparison between type II of test series II and other tests 
Hvorslev method Bouwer-Rice method 
tests IVb, Via, VIb, VII standard deviation 1.21E-7 9.48E-8 
test series II standard deviation 1.44E-7 1.21E-7 
variance ratio F’ 0.71 0.62 
level of significance 0.29 0.36 
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reliable than type I. Comparison of type II and Best Fit Line results in a 31 percent level 
of error in S-4 E well and a 26 percent level of error in S-4 W well if we reject null 
hypothesis. These values are higher than 5 percent. This suggests that we can accept null 
hypothesis or standard deviation of type II is lower than best fit line. 
Comparison of Test Series I and II with Other Tests 
Comparison of test series II (bail tests) with other types of bail tests results in a 
slightly higher percent range and standard deviation in test series II, whereas comparison 
between test series I (slug tests) and other slug tests results in a higher percent range and 
standard deviation in test series I for S-4 W well and a lower in percent range and standard 
deviation in S-4 E well (see type II and Best Fit Line from Tables 4 to 7). T-test also gives 
the same result (Table 8). The difference between test series II and other bail tests is only 
about 13 percent in S-4 E and 19 percent in S-4 W well. These suggest the amount of 
water added or withdrawn does not much affect the hydraulic conductivity values. 
From Tables 3 and 4 to 7 we can see that the pipe or water slug volume added or 
withdrawn causes a different change in head (Table 3) and has little influence on hydraulic 
conductivity values (see type II and best fit line of the Tables 4 to 7). The difference 
between withdrawing a slug of pipe in S-4 E well (test lb in Table 3), which gives 45.72 
cm change in initial head, and pumping 366 cm of water (test VIb), which gives 366 cm 
change in initial head, is only about 9.20E-8 cm/s (type II Hvorslev method in Table 5). 
Small effects are found in the tests done by injecting 136 cm of water, which give slightly 
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lower hydraulic conductivity values than the other tests. The first might be caused by the 
large amount water added, which might increase the rate of drop in the water head. The 
second might be caused by the large amount of water withdrawn, which might decrease the 
rate of rise in the water head. Both effects also might occur as a result of compressibility 
of the water head. 
Tests V to VII (Tables 4 to 7) show a decrease in hydraulic conductivity values from 
injecting 136 cm of water, pumping 183 cm of water, to pumping 366 cm of water. In any 
case, the differences in values are small and can be safely neglected. 
S-4 W well in general has higher hydraulic conductivity values than S-4 E well (see 
type II and best fit line in the Tables 4 to 7). This might be caused by the presence of 
fractures or by casing leakage, which can increase permeability, or the natural heterogeneity 
of the till. Keller et al. (1986) mentioned that fracture in unweathered till resulted from 
stress changes related to deglaciation. 
Comparing type II of the Bouwer-Rice and the Hvorslev methods results in a 57 
percent level of significance in S-4 E and a 43 percent level of significance in S-4 W well 
based on slug tests determination (Table 8). This value means that if we reject the null 
hypothesis, the level of error is high (more than 5 percent). These results suggest that we 
should accept the null hypothesis, and the values resulting from the Hvorslev and the 
Bouwer-Rice methods have the same level of reliability. 
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Range of Expected Hydraulic Conductivity Values 
Tables 4 to 7 show that the range of hydraulic conductivity using the Hvorslev method 
and the Bouwer-Rice method for test series I in S-4 E well is in the range of about 155 and 
111 percent, for S-4 W well, the range is about 148 and 150 percent. In test series II, the 
range of hydraulic conductivity values is about 162 percent (the Hvorslev method) and 163 
percent (the Bouwer-Rice method) for S-4 E well. For S-4 W well, the range is about 105 
percent (the Hvorslev method) and 87 percent (the Bouwer-Rice method). If a slug test is 
done in these wells, the above values are the possible range of hydraulic conductivity 
estimates. Based on the Hvorslev method, standard deviation for the S-4 E well is about 
1.19E-7 cm/s (test series I) and 2.05E-7 cm/s (test series II), and for the S-4 W well is 
about 1.29E-7 cm/s (test series I) and 1.44E-7 cm/s (test series II) from the mean. Tables 
4 to 7 also show that in repeating slug or bail tests, the difference in hydraulic conductivity 
values is only about 36 to 45 percent in both wells. 
We can conclude that the amount of water added or withdrawn does not much affect 
hydraulic conductivity values, so that if a slug test is done in these wells, the amount of 
water added or withdrawn can be variable. 
Effects of Barometric Pressure 
The late data, which represent water head at or close to equilibrium condition, can 
be affected by barometric pressure (Kamp and Gale, 1983; Jones, 1992b). This effect was 
demonstrated by the result obtained from seven day water level monitoring. The data were 
42 
recorded every two hours. There was no rainfall during recording so that the effect of 
rainfall, which may have similar results, was avoided. Afterwards, the data were compared 
with barometric pressure data of Iowa. Figure 5 shows that at the point of high barometric 
pressure, the water head is low. On the other hand, at the low air pressure, the water head 
maintains a higher value. 
Figure 6 shows more clearly the effect of the barometric pressure to the water head. 
At initial measurement (taken at less than 5 hours after start of the tests), the increase of 
barometric pressure resulted in the decrease of water level in S-4 E well (no slug test in this 
well). In S-4 W well, in which a slug test was done, however, the barometric pressure did 
not have any effect on its head. During late measurements (after 24 hour measurement), 
when the atmospheric pressure decreased, the water head in the S-4 E well increased, and 
the water head in S-4 W well increased too. The atmospheric pressure had its effect on the 
water heads because the water head in S-4 W well was close to an equilibrium condition, 
and the speed of raising the water head had already decreased. For the above conditions 
we can conclude that after 80 percent of recovery, the data should not be used in hydraulic 
conductivity calculation. 
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CONCLUSIONS 
Hydraulic conductivity analysis using the Hvorslev and the Bouwer-Rice methods 
results in differing values. Several factors are responsible for this variability. 
Determining the best linear fit is important in obtaining the most reliable hydraulic 
conductivity estimates. Type I, type II, and best fit lines are consistent with the Hvorslev 
and the Bouwer-Rice methods when obtained by measurements taken within 24 hours after 
initiation of testing. Type II lines probably give better results compared to type I (initial 
data), which have values that are too high due to high permeability zones resulting from 
borehole construction. Late measurements (taken after 18 hours) should not be used 
because results are heavily influenced by barometric pressure. After the applied head is 
close to equilibrium (usually after 18 hours) or after the well has recovered about 80 
percent of the initial drawdown, measurement data are not reliable. 
Based on the percent range, standard deviation, and t-test results, type II lines are 
smaller in variability and standard deviation than type I and best fit lines. The best fit line 
is smaller in percent range and deviation around the mean than type I. Type I results are 
higher about one order of magnitude than those of type II and best fit line. Gravel pack 
or development zones constructed around boreholes might cause higher variability and 
standard deviation for type I lines. Best fit lines are slightly higher than type II (about 5 
to 10 percent in S-4 E and 18 to 22 percent in S-4 W well). The difference in slopes of 
the best fit lines might cause high variability and standard deviation. Type II lines are more 
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similar in slopes than best fit lines (Appendix I and II). This suggests that type II is the 
best linear fit for use in hydraulic conductivity calculation. 
The amount of water added or withdrawn during the tests does not significantly affect 
the hydraulic conductivity values because tests I or II are only about 13 percent higher in 
S-4 E and 19 percent higher in S-4 W wells. Also, withdrawing a slug of pipe is only 
about 25 percent higher than pumping 366 cm. of water. 
Hydraulic conductivity values of S-4 E are higher than those of S-4 E well. This 
might be caused by the presence of fractures, casing leakage, or heterogeneity of aquifers. 
T-test results suggest that analyses done by the Hvorslev and the Bouwer-Rice 
methods have the same level of reliability (a 57 in S-4 E and a 43 percent level of 
significance in S-4 W well). 
Variability in hydraulic conductivity values of the slug tests is only about 105 to 155 
percent, so if a single slug test is performed, a reliable value can still be obtained. 
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APPENDIX I 
Injecting a slug of pipe 
Test series I (one day tests) 
- Type I, II, and best fit line of the slug test in S-4 E well 
- Type I, II, and best fit line of the slug test in S-4 W well 
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APPENDIX II 
Withdrawing a slug of pipe 
Test series II (one day tests) 
- Type I, II, and best fit line of the bail test in S-4 E well 
- Type I, II, and best fit line of the bail test in S-4 W well 
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